Increasingly, scientists have begun to tackle gene functions and other complex regulatory processes by studying organisms at the global scales for various levels of biological organization, ranging from genomes to metabolomes and physiomes. Meanwhile, new bioinformatics methods have been developed for inferring protein function using associative analysis of functional properties to complement the traditional sequence homology-based methods. To fully exploit the value of the high-throughput system biology data and to facilitate protein functional studies requires bioinformatics infrastructures that support both data integration and associative analysis. The iProClass database, designed to serve as a framework for data integration in a distributed networking environment, provides comprehensive descriptions of all proteins, with rich links to over 50 databases of protein family, function, pathway, interaction, modification, structure, genome, ontology, literature, and taxonomy. In particular, the database is organized with PIRSF family classification and maps to other family, function, and structure classification schemes. Coupled with the underlying taxonomic information for complete genomes, the iProClass system (http://pir.georgetown.edu/iproclass/) supports associative studies of protein family, domain, function, and structure. A case study of the phosphoglycerate mutases illustrates a systematic approach for protein family and phylogenetic analysis. Such studies may serve as a basis for further analysis of protein functional evolution, and its relationship to the co-evolution of metabolic pathways, cellular networks, and organisms.
Introduction
The completion of the human genome sequences marked the beginning of a new era of biological research with rapid advances in "system biology" studies. Scientists have begun to systematically tackle gene functions and other complex regulatory processes by studying organisms at the global scales of genomes (genes, regulatory and noncoding sequences), transcriptomes (gene expression) (Carninci et al., 2003) , proteomes (protein expression) (Babnigg and Giometti, 2003) , metabolomes (metabolic networks) (Bono et al., 2003) , interactomes (protein-protein interactions) (Walhout et al., 2002) , and physiomes (physiological dynamics of whole organisms) (Hunter and Borg, 2003) . Associated with the enormous quantity and variety of data being produced is the growing number of molecular databases that are being generated and maintained. Meta databases (database of databases) have been compiled to catalog and categorize these databases, such as the Molecular Biology Database Collection (Baxevanis, 2003) .
To fully explore these valuable data, advanced bioinformatics infrastructures must be developed for biological knowledge management. One major challenge lies in the volume, complexity, and dynamic nature of data being collected and maintained in heterogeneous and distributed sources. To facilitate scientific discovery, information scattered in disparate sources needs to be integrated into a cohesive framework. With data integration, interesting relationships among protein family, structure, and function can be readily revealed, providing for plausible function and pathway identification. Indeed, protein function can be inferred using associative analysis ("guilt-by-association") based on system biology properties even when there is no detectable sequence similarity (Marcotte et al., 1999a; Koonin and Galperin, 2003; Osterman and Overbeek, 2003) . Associative properties that have been demonstrated to allow inference of function not evident from sequence homology include: co-occurrence of proteins in operons or genome context (Overbeek et al., 1999) ; proteins sharing common domains in fusion proteins (Marcotte et al., 1999b) ; proteins in the same pathway, sub-cellular network, or complex; proteins with correlated gene or protein expression patterns; and protein families with correlated taxonomic distribution (common phylogenetic/phyletic patterns) (Pellegrini et al., 1999; Morett et al., 2003) .
The following example ( Fig. 1) shows that the collective use of protein family, pathway (enzyme and cofactor), and genome context information in bacterial organisms helps researchers identify the human gene for ATP:cob(I)alamin adenosyltransferase (ATR) (EC 2.5.1.17). ATR converts inactive cobalamins to AdoCbl (Fig. 1A) , a cofactor for enzymes in several pathways, including diol/glycerol dehydratase (EC 4.2.1.28) (Fig. 1B) , and methylmalonyl CoA mutase (MCM) (EC 5.4.99.2) (Fig. 1C) . It has long been known that deficiencies of ATR are associated with the methylmalonic aciduria disorder (Fenton and Rosenberg, 1981) , a metabolic disorder resulting from deficient MCM activity, but the ATR gene was not found. Many prokaryotic members of the ATR protein families (SF036411 and SF015651) are predicted to be required for AdoCbl-dependent diol or glycerol dehydratases, based on the genome context of the corresponding genes (Johnson et al., 2001 ). However, in at least one organism (Archaeoglobus fulgidus), the ATR gene is adjacent to sequences encoding an AdoCbl-dependent MCM homolog, which provided a clue for cloning the human and bovine ATRs (SF015651) based on sequence homology (Dobson et al., 2002) .
The example indicates a clear benefit for a bioinformatics approach that supports global-scale data integration and associative analysis. This paper describes the iProClass integrated database (Huang et al., 2003) designed to provide such a framework to facilitate protein functional analysis with a case study.
iProClass integrated database system

Overview-rich links for data integration
The iProClass database was designed to offer a comprehensive, integrated view of protein information to facilitate knowledge discovery and to serve as a framework for data integration in a distributed networking environment (Wu et al., 2001 ). There are several general approaches for developing an integrated platform for heterogeneous databases (Davidson et al., 1995) . These include: hypertext navigation using links between related data sources, a data warehouse that provides a materialized solution, unmediated multi-database queries that provide view solution, and database federation. Most data warehouses adopt a "tightly coupled" approach that physically integrates a number of databases by converting the data into a unified database schema. While it allows local control of data, updating data from the multiple databases is not trivial. Hypertext navigation is a "loosely coupled" approach that employs the browsing model wherein hypertext-linked web pages are followed for more information and are always one mouse click away.
iProClass uses database links as a foundation for interoperability (Karp, 1995) and combines both data warehouse and hypertext navigation methods. In our approach, we restrict the database content to the immediate needs of protein analysis and annotation and store a rich collection of links with related summary information to alleviate potential problems associated with timely collection of information from distributed sources over the Internet. The idea is similar to that of the Virgil database (Achard et al., 1998) , which was developed to model the concept of rich links (the link itself and the related summary information) between database objects. Following the notation in LinkDB (Fujibuchi et al., 1998) , the iProClass links may be roughly categorized into three types: (i) factual links for simple cross-references, such as literature data or reported sequence data; (ii) similarity links compiled based on sequence similarity, such as members of a protein family; and (iii) biological links associating biological meanings, such as interacting proteins or proteins in the same metabolic pathway. Another iProClass design principle that promotes database interoperation is the adoption of a modular and open architecture. The modular structure makes the system scalable, customizable, and extendable for adding new components.
iProClass content-integrated protein information
The database contains comprehensive descriptions of all proteins with up-to-date information from many sources, thereby providing much richer annotation than can be found in any single database. The information includes protein family relationships at both whole protein and domain, motif, site levels, as well as structural and functional classifications and features of proteins. iProClass currently consists of about 1.1 million UniProt (Apweiler et al., 2004) sequence entries organized with 36,000 PIRSF families. The PIRSF (SuperFamily) classification system , which provides classification of whole proteins into a network structure to reflect their evolutionary relationships, is central to the iProClass database organization and the PIR/UniProt functional annotation of proteins (Wu et al., 2003a) . The system is extended from the PIR superfamily/family concept (Dayhoff, 1976; Barker et al., 1996) , the original classification based on sequence similarity where protein family members are homologous (sharing common ancestry) and homeomorphic (sharing full-length sequence similarity with common domain architecture).
Rich links to over 50 biological databases are provided with source attribution, hypertext links, and related summary information extracted from the underlying sources, including the following databases (please refer to the annual January issue of the Nucleic Acids Research for citations and updated information on these databases).
• The source attribution and hypertext links facilitate exploration of additional information and examination of discrepant annotations from different sources. The link mechanism is also attributed. For example, EC number is used to cross-reference functional databases, PDB (Westbrook et al., 2003) ID is used to link structure and structural classification databases, and PubMed ID links to NCBI's PubMed. Standard nomenclatures and accepted ontologies are adopted wherever applicable, such as IUBMB Enzyme Nomenclature, NCBI taxonomy, and Gene Ontology (Gene Ontology Consortium, 2001).
iProClass views-value-added protein and family reports
iProClass provides value-added views for UniProt protein entries and PIRSF family entries with extensive annotation information and graphical displays. The protein summary report (Fig. 2 ) contains information on:
• General information: protein ID and name (with synonyms, alternative names), source organism taxonomy (with NCBI taxonomy ID, group, and lineage), and Family summary reports (Fig. 3) are available for PIRSF families, containing information derived from iProClass protein entries (such as membership statistics, family and function/structure relationships, and database cross-references), as well as curated family information, as summarized below:
• General information: PIRSF number and general statistics (family size, taxonomy range, length range, keywords) for preliminary clusters; additional information on family name, bibliography, family description, representative member, seed members, domain architecture, and link to multiple sequence alignment and phylogenetic tree (dynamically generated based on seed members) for curated families; • Membership: lists of all members separated by major kingdoms and members of model organisms; • Function, structure, and family relationship: enzyme (EC) and structure (SCOP) hierarchies, family relationships at the whole protein, domain, and motif levels with direct mapping and links to other family, function, and structure classification schemes; and • Graphical display: domain and motif architecture of seed members or all members.
iProClass distribution-Web access and FTP download
The iProClass database is implemented in Oracle 9i database management system and updated biweekly. It is freely accessible from the PIR web site (http://pir. georgetown.edu/iproclass/) for direct report retrieval and sequence and text searches. Protein reports can be directly retrieved based on UniProt (PIR, Swiss-Prot, TrEMBL) protein sequence accession numbers or IDs (as in the example: http://pir.georgetown.edu/cgi-bin/ipcEntry?id=KMECPW).
Family reports are retrievable based on PIRSF unique identifiers (as in http://pir.georgetown.edu/cgi-bin/ipcSF?id= SF001500). In addition to direct report retrieval, the protein entries are searchable by either sequence (BLAST search (Altschul et al., 1997 ) and peptide match) or annotation text (unique identifiers or text strings), and family entries are searchable by text. The searches return protein or family entries listed in summary lines with major annotation fields and hypertext links to full reports. Searchable text fields for both sequence and family entries include database unique identifiers (e.g., Pfam ID, EC number, and PDB ID) and annotations (e.g., family name, keywords, and sequence length). The protein report is also directly downloadable from the PIR FTP site (ftp:// ftp.pir.georgetown.edu/pir databases/iproclass/) in XML format with an associated DTD file.
iProClass for protein functional analysis: a case study
iProClass for integrative analysis of protein function
The data integration in iProClass facilitates functional exploration and comparative analysis of proteins. In particular, when coupled with the PIRSF classification, the iProClass system supports associative studies of protein family, domain, function, and structure. Such integrative approach with associative analysis using information on protein sequence, structure, function, and other system biology information is being employed for the protein family curation and annotation at the PIR (Wu et al., 2003b) . This includes drawing on various types of available information to provide a comprehensive picture that can lead to novel predictions that can be used to show the function of the previously uncharacterized group. For example, Pfam-based searches can identify all PIRSFs sharing one or more Pfam domains. Likewise, SCOP structural classification-based searches can identify PIRSFs in the same SCOP superfamily class. Functional convergence (unrelated proteins with the same activity via non-orthologous gene displacement) and functional divergence (paralogous proteins with differing activities or expression) can be revealed by the many-to-one and one-to-many relationships between the enzyme classification (EC number) and PIRSF classification.
With the underlying taxonomic information, one can derive phylogenetic patterns of PIRSFs, indicating the presence or absence of corresponding proteins in completely sequenced genomes to identify PIRSFs that occur only in given lineages or share common phylogenetic patterns. Combining phylogenetic pattern and biochemical pathway information for protein families allows us to identify cases where alternative pathways exist for the same end product in different taxonomic groups. A well-studied example is the non-mevalonate pathway of isoprenoid biosynthesis (Fig. 4) used in pathogenic Plasmodium falciparum and Yersinia pestis. It presents attractive potential drug targets because the enzymes are present in bacteria but missing in animals. Indeed, the enzyme DOXP reductoisomerase (EC 1.1.1.267) is the target of an antibacterial drug (Jomaa et al., 1999) . Using integrative curation, novel 
Functional evolution of phosphoglycerate mutases
Phosphoglycerate mutases (PGMs) are ubiquitous enzymes involved in glycolysis and gluconeogenesis. They illustrate several interesting evolutionary and biological phenomena, including evolutionary convergence and divergence, as well as multiple catalytic activities within the same molecule, and an ancient structural fold found in proteins with little sequence similarity. (Table 1) , which correspond to two unrelated forms of PGMs with differing structures and catalytic mechanisms. In the literature, they are referred to as cofactor-dependent (dPGM) and cofactor-independent (iPGM), with 2,3-bisphosphoglycerate (BPG) being the cofactor. As summarized in Table 1 and detailed in iProClass family reports (not shown), the dPGMs in SF001490 are single domain proteins classified in the Pfam PF00300 domain family and in the SCOP "phosphoglycerate mutase-like" fold superfamily. The iPGMs have two distantly related sequence types, represented in SF001492 (Fig. 3) and SF006392, which share a common domain PF01676 that covers the C-terminal region of the iPGM catalytic domain. Based on protein members with known structures, SF001492 maps to two SCOP fold superfamilies "alkaline phosphate-like" and "2,3-bisphosphoglycerate-independent phosphoglycerate mutase, substrate-binding domain." Other PIRSFs sharing the PF01676 domain or belonging to the "alkaline phosphate-like" fold superfamily (Table 1) are easily identifiable based on iProClass crossreferences.
Functional divergence
Divergent function is observed within the PIRSF family SF001490 with several enzymatic activities reflected by different EC numbers (Table 1) . The family has three human proteins, all having multiple catalytic activities (Table 2 and Fig. 2 ). As the result of four different events at the molecular level (Bond et al., 2002) , each of these proteins exhibits three overall activities involving the same active site, a histidine residue that becomes phosphorylated: interconversion of 3-phosphoglycerate (3-PGA) and 2-PGA (mutase) (EC 5.4.2.1); conversion of 1,3-bisphosphoglycerate (1,3-BPG) to 2,3-BPG (synthase) (EC 5.4.2.4); and hydrolysis of 2,3-BPG to 2-or 3-PGA and phosphate (phosphatase) (EC 3.1.3.13). The family also has three Escherichia coli proteins, two functioning as dPGMS, while the third is an alpha-ribazole-5 -phosphate phosphatase (EC 3.1.3.-) involved in cobalamin biosynthesis.
Phylogenetic pattern
The phylogenetic patterns of the three PGM families (Table 3) were compiled based on the taxonomic hierarchy of over 200 complete genomes representing 60 taxonomic groups. The patterns show that all but one group of organisms (namely the Rickettsiales, represented by Rickettsia prowazekii and Rickettsia conorii) have at least one form of PGM, indicating that EC 5.4.2.1 is an essential enzyme for all organisms having the glycolysis/gluconeogenesis metabolism. Indeed, Rickettsia is an obligate parasite with a reduced genome-it uses the ATP of the host, missing all genes that support anaerobic glycolysis (Andersson et al., 1998) . The phylogenetic patterns also reveal that the dPGM (SF001490) is the only form used by many higher organisms (Eukaryotes), and that most organisms use the SF001492 type iPGM. The second type of iPGM (SF006392) is found in most archaea and a few bacteria (thermophilic bacteria Aquifex and Thermotoga and radio-resistant bacteria Deinococcus) and plants (Arabidopsis and rice).
Conclusions
The large volume and complexity of biological data being generated represents both a challenge and an opportunity for bioinformatics research and development. To maximize the utlization of these valuable data for scientific discovery, information needs to be integrated into a cohesive framework. Data integration facilitates exploration, allowing users to answer complex biological questions that may typically involve querying multiple sources. In particular, interesting relationships between database objects, such as relationships among protein sequences, families, structures, and functions, can be discovered. Such associative analysis of various properties of proteins provides a comprehensive picture that can lead to novel prediction and functional inference for previously uncharacterized "hypothetical" proteins and protein groups. The case study illustrates that a systematic approach to protein family and phylogenetic analysis, supported by an integrated bioinformatics framework, may serve as a basis for further analysis and exploration of protein function and evolution. Such knowledge is fundamental to system biology studies at various levels of biological organization, ranging from genes to genomes, enzymes to metabolic pathways, and organisms to communities.
